Objectives-To prospectively examine the association of plasma γ′ fibrinogen with the incidence of multiple cardiovascular disease (CVD) end points, independent of established CVD risk factors, total fibrinogen, and other inflammatory markers. 
P lasma fibrinogen is a coagulation factor and an acutephase inflammatory marker that has been implicated in the pathophysiology of cardiovascular disease (CVD). 1 Several epidemiological studies have shown an independent, positive association between elevated levels of fibrinogen and CVD, with hypothesized mechanisms relating to increased plasma viscosity or the size and strength of thrombi. [1] [2] [3] [4] However, a study using Mendelian randomization suggests that the epidemiological association may not be causal. 5 Fibrinogen is also associated positively with several established CVD risk factors, so elevated fibrinogen may be one pathway by which these CVD risk factors exert their influence on the cardiovascular system. 4, 6, 7 Fibrinogen is a 6-chain molecule containing 2 copies each of the Aα, Bβ, and γ chains, with the latter having 2 isoforms γA and γ′ arising from alternative mRNA processing. 8, 9 γ′ fibrinogen constitutes ≈7% of plasma fibrinogen with higher levels found among individuals with pathological conditions.. 9 Recent evidence suggests that higher plasma concentrations of γ′ fibrinogen yield thrombi that are resistant to fibrinolysis, 8, 9 which provides novel hypotheses to explain the relationship between fibrinogen and CVD events. 10 Accordingly, some studies have observed a positive association between γ′ fibrinogen and atherothrombotic events independent of total plasma fibrinogen levels. [11] [12] [13] [14] [15] However, the retrospective or cross-sectional design of these studies that were conducted among individuals already diagnosed with CVD events hampers the determination of the temporality of this association, and a prospective design could reveal new perspectives on the association of γ′ fibrinogen with CVD events.
Therefore, the aim of this study was to prospectively investigate the association of plasma γ′ fibrinogen with the incidence of multiple CVD end points, independent of established CVD risk factors, total fibrinogen, and other inflammatory markers, among participants enrolled in the Atherosclerosis Risk in Communities (ARIC) study, a biracial cohort of white and black men and women.
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Results
Among the 10 601 participants free of CVD at ARIC visit 3, the mean age was 60 years, 57% were women, and 23% were blacks. Approximately one third of participants were on antihypertensive medications, 17% were current smokers, and 13% had diabetes mellitus. Median γ′ fibrinogen levels were modestly higher in women than in men (29.8 versus 28.6 mg/ dL) and blacks than in whites (31.6 versus 28.7 mg/dL). The Spearman correlation coefficient between γ′ fibrinogen and total fibrinogen was 0.44. This correlation was larger for participants in whom γ′ fibrinogen and total fibrinogen were measured from the same blood drawn at ARIC visit 3 (r=0.60).
The distribution of characteristics of participants stratified by quartiles of γ′ fibrinogen is presented in Table 1 . The levels of γ′ fibrinogen showed positive associations with age, systolic blood pressure, body mass index, current smoking status, diabetes mellitus, total fibrinogen, and C-reactive protein (CRP), and negative associations with alcohol intake, sports-related physical activity, high-density lipoprotein cholesterol, and lipid-lowering medication use. Kaplan-Meier cumulative incidence analysis showed higher incidence of all CVD outcomes with higher levels of crude γ′ fibrinogen quartiles (Figure 1 ). The incidence of CVD end points and their multivariable-adjusted associations with γ′ fibrinogen are shown in Table 2 Comparison of the associations of γ′ fibrinogen and total fibrinogen, adjusted for each other, with CVD end points is shown in Figure 2 . With the exception of PAD, the HRs per 1-SD increment of total fibrinogen with each CVD end point were higher than those of γ′ fibrinogen. For all CVD end points, no significant interactions between γ′ fibrinogen and race, sex, CRP, and total fibrinogen were identified. For the end point that seemed most strongly associated with γ′ fibrinogen (CVD deaths), the risk was particularly elevated for participants who were in the highest tertiles of both γ′ fibrinogen and total fibrinogen ( Figure 3 ). Finally, restricted cubic spline Cox regression analysis revealed that the relationships between γ′ fibrinogen and CVD end points were approximately linear (data not shown). In sensitivity analyses, we found no appreciable differences in the associations of corrected and uncorrected γ′ fibrinogen with CVD end points ( Table I in the online-only Data Supplement). In a sensitivity analysis limiting follow-up to 5 years, we found that most associations were stronger, including a significant positive association between γ′ fibrinogen and incident CHD (Table II in the online-only  Data Supplement) . However, in an additional sensitivity analysis of the entire 20-year follow-up that excluded events that occurred in the first 3 years, we observed attenuation of the associations between γ′ fibrinogen and all CVD end points (Table III in 
Discussion
In this prospective observational cohort of middle-aged whites and blacks enrolled in the ARIC study, we found no independent association between plasma γ′ fibrinogen concentrations and the incidence of CHD and ischemic stroke. However, higher levels of γ′ fibrinogen were positively although modestly associated with PAD, HF, and CVD deaths, which seems to reflect a general contribution of inflammation to CVD, rather than a specific γ′ fibrinogen effect. Our findings suggest that γ′ fibrinogen is an inflammatory marker that adds little information to CVD prediction beyond total fibrinogen and high sensitivity CRP levels. To our knowledge, this is the first epidemiological prospective investigation of the association between γ′ fibrinogen and incident CVD events.
The underlying mechanism by which γ′ fibrinogen might affect cardiovascular health is debated. Previous experimental studies have suggested that γ′ fibrinogen promotes thrombosis by forming fibrin blood clots that have altered clot architecture that makes them mechanically stronger and highly resistant to fibrinolysis. 8, 9, 14, 16 However, other studies suggest that γ′ fibrinogen is antithrombotic and exhibits anticoagulant properties because of its ability to sequester thrombin. 17 Recent studies observed that that γ′ fibrinogen has high-affinity binding sites for thrombin exosite II, which inhibits thrombin-mediated platelet activation and reduces fibrinopeptide B cleavage and factor VIII activation. [17] [18] [19] [20] [21] Accordingly, Walton et al 17 reported that γ′ fibrinogen did not promote acute arterial thrombosis in mice and revealed that the more dominant isoform of the fibrinogen γ chain, γA/γA, increased fibrin formation rates and shortened the time to Model 1: Cox proportional hazards model adjusted for age (continuous), sex, race (white and black), and ARIC center. Model 2: model 1 additionally adjusted for education (<high school, high school, and >high school), smoking (current, former, and never), alcohol intake (continuous), sports index (continuous), systolic blood pressure (continuous), body mass index (continuous), use of antihypertensive medications (yes and no), diabetes mellitus (yes and no), cholesterol medication (yes and no), high-density cholesterol (continuous), and total cholesterol (continuous). Model 3: model 2 additionally adjusted for total fibrinogen (continuous). Model 4: model 3 additionally adjusted for high sensitivity C-reactive protein (continuous). CHD indicates coronary heart disease; CVD, cardiovascular disease; and PAD, peripheral artery disease. *1 SD=8.80 mg/dL. †Unadjusted incidence rate per 1000 person-years with 95% confidence intervals.
carotid artery occlusion, thereby promoting thrombosis to a greater extent than γA/γ′. Mosesson et al 18, 22 also observed that γ′ fibrinogen is a constituent of a fibrin-dependent thrombin inhibitory system, and suggested that lower levels of γ′ fibrinogen may be associated with thrombotic events. These seemingly conflicting biochemical properties of γ′ fibrinogen make its role in the cause of CVD events unclear. In this study, we did not identify any association between γ′ fibrinogen and the 2 major arterial thrombotic events, CHD and ischemic stroke, after accounting for the effect of total fibrinogen concentrations. This suggests that γ′ fibrinogen does not influence major atherothrombotic diseases by means of unique prothrombotic properties.
Fibrinogen is an acute-phase reactant that increases in response to inflammation, and the inflammatory response has been reported to affect alternative splicing of the fibrinogen γ gene. 9, 23 Levels of γ′ fibrinogen are associated positively with inflammatory markers. 9, 23, 24 Rein-Smith et al 24 reported that interleukin-6 preferentially upregulates hepatocyte production of γ′ fibrinogen, and CRP influences levels of γ′ fibrinogen. 13, 25 Cheung et al 26 reported that CRP levels were positively correlated with the ratio of γ′ fibrinogen to total fibrinogen in the acute phase of ischemic stroke, providing further evidence that the mRNA processing of γ′ fibrinogen is altered in the presence of inflammation. We corroborated that higher levels of CRP are associated with higher γ′ fibrinogen. Because adjusting for the inflammatory makers, total fibrinogen and CRP, eliminated the associations of γ′ fibrinogen with CHD, ischemic stroke, PAD and HF, associations of γ′ fibrinogen seem to reflect a general contribution of inflammation to CVD, rather than a specific γ′ fibrinogen effect. In addition, the significant positive association of γ′ fibrinogen with the broad outcome of CVD deaths supports a nonspecific effect. It also suggests that the increased levels of γ′ fibrinogen found in individuals with CVD compared with controls in previous studies may rather be a consequence of CVD rather than a cause. 17 It was interesting to note, in this study, that when we limited follow-up to 5 years, we found a significant positive association between γ′ fibrinogen and incident CHD. These short-term (5 year) associations especially for CHD may have been because of a reverse causal association, that is, subclinical disease elevating γ′ fibrinogen levels that resulted in participants with subclinical disease having elevated CHD risk. Alternatively, the stronger short-term associations could also mean that over time, a single value of γ′ fibrinogen becomes a less accurate representation of an individual's risk.
Our results contrast to previous epidemiological studies. Lovely et al 12 reported, cross-sectionally, 7-fold higher odds of coronary artery disease for the highest versus the lowest quartile of γ′ fibrinogen, adjusting only for age and sex, in a small case-control study of 133 patients undergoing elective, outpatient diagnostic cardiac catheterization. Another case-control study 13 comprised of 387 postmyocardial infarction patients and 387 healthy individuals from the Stockholm Coronary Artery Risk study reported a statistically significant 24% higher odds of myocardial infarction per 1-SD increment in γ′ fibrinogen after adjusting for traditional CVD risk Figure 2 . Hazard ratios (per 1 SD) and 95% confidence intervals of γ′ fibrinogen (8.80 mg/dL) and total fibrinogen (60.9 mg/dL) with Cardiovascular disease (CVD) end points, the Atherosclerosis Risk in Communities study, 1993 to 2012. HRs adjusted for age, sex, race, center, education, smoking, alcohol intake, sports index, systolic blood pressure, body mass index, antihypertensive meds use, high-density lipoprotein cholesterol, total cholesterol, lipid-lowering meds and diabetes. CHD indicates coronary heart disease; HF, heart failure; LCL, lower confidence limit; and UCL, upper confidence limit. factors and total fibrinogen. Similarly, cross-sectional results from the Framingham Heart Study Offspring Cohort 14 showed a statistically significant 76% higher odds of prevalent myocardial infarction among participants in the highest tertile of γ′ fibrinogen compared with the lowest tertile after adjusting for established CVD risk factors. Data on the relationship between γ′ fibrinogen and ischemic stroke are sparse and conflicting. van den Herik et al 27 observed that individuals with ischemic stroke had elevated levels of γ′ fibrinogen than ageand sex-matched stroke-free controls, and each unit increase in γ′ fibrinogen was associated with 48% higher odds for unfavorable stroke outcome. Cheung et al 15 identified elevated levels of γ′ fibrinogen in the acute phase of ischemic stroke that reduced to prestroke levels after 3 months. However, the Framingham Heart Study Offspring Cohort 14 found no association between γ′ fibrinogen and prevalent stroke (odds ratio, 1.42; CI, 0.68-2.95).
Possible explanations for these disparate results may be related to their study designs and inadequate control of the influence of total fibrinogen and other inflammatory markers. For instance, in the Framingham Heart Study Offspring Cohort, 14 γ′ fibrinogen was positively associated with prevalent CVD in models adjusted for established CVD risk factors, but additional control for total fibrinogen levels rendered the association nonsignificant. Furthermore, the cross-sectional or retrospective designs used by previous studies have greater likelihood of selection bias, as people who died of disease before the inception of such studies may have had different γ′ fibrinogen concentrations compared with survivors who were enrolled. Moreover, cross-sectional/retrospective studies lack the ability to determine whether elevated γ′ fibrinogen preceded or followed the CVD event, as it was measured among cases who already had CVD.
This study has several notable strengths, including the use of a large population-based biracial sample, extensive assessment of CVD risk factors, physician-adjudicated CHD, and stroke events using standardized criteria, and 20 years of follow-up with low attrition. In addition, validated procedures to measure γ′ fibrinogen levels were used.
Limitations of this study should be considered when interpreting our results. First, analyses were based on a single measure of γ′ fibrinogen. Second, our quality control data showed that our γ′ fibrinogen measurements for whites had some downward drift, requiring us to adjust those γ′ fibrinogen values to be comparable with the stable and precise levels observed for blacks. Our corrections in γ′ fibrinogen were an attempt to adjust for the drift seen in the normal data. Sensitivity analyses revealed that corrected and uncorrected results were similar. Because the ARIC study had only a single measure of γ′ fibrinogen on participants and there is no published long-term reliability coefficient in the literature, we could not address γ′ fibrinogen variation over time. Any misclassification of γ′ fibrinogen levels is likely to have been nondifferential with respect to our outcomes. Such errors would have biased our effect estimates toward the null (regression dilution), in expectation, and is one possible explanation for our findings. Third, we measured total fibrinogen and CRP from blood samples obtained 6 and 3 years, respectively, before the assessment of γ′ fibrinogen, and these may not represent actual levels at visit 3. Because γ′ fibrinogen is moderately correlated with total fibrinogen and CRP, we deemed it necessarily to adjust for these inflammatory markers in our models to enhance our understanding of any potential underlying mechanisms for the association of γ′ fibrinogen with CVD end points. Fourth, the statistically nonsignificant findings of CHD and ischemic stroke may be because of inadequate power to detect a small effect. However, our study had high power (>0.8) for HRs of 1.2 for CHD and 1.4 for stroke. Finally, some CVD end points (eg, HF, PAD, and CVD mortality) relied on International Classification of Disease codes. However, in ARIC, a high validity for International Classification of Disease codes in identifying these CVD end points has been demonstrated. 28 In summary, γ′ fibrinogen was associated positively with PAD, HF, and CVD deaths but not independently with incident CHD and ischemic stroke, after accounting for total fibrinogen levels. With the exception of CVD deaths, these associations were attenuated to marginal statistical significance when high sensitivity CRP was added to the model. Our findings are consistent with γ′ fibrinogen concentration reflecting the inflammation that accompanies and may contribute to atherosclerotic CVD, rather than γ′ fibrinogen being a risk factor for CVD events.
